Effects of intravascular stent sizing on endothelial and vessel wall stress: potential mechanisms of in-stent restenosis. J Appl Physiol 106: 1686 -1691, 2009. First published March 19, 2009 doi:10.1152/japplphysiol.91519.2008.-Stent sizing and apposition have been shown to be important determinants of clinical outcome. This study evaluates the mechanical effects of undersizing and oversizing of stents on endothelial wall shear stress (WSS) and vessel wall stress to determine a possible biomechanical mechanism of in-stent restenosis and thrombosis. Three-dimensional computational models of stents, artery, and internal fluid were created in a computer-assisted design package, meshed, and solved in finite element and computational fluid dynamic packages. The simulation results show that the effects of various degrees of undersizing on WSS, WSS gradient, and oscillatory shear index were highly nonlinear. As the degree of undersizing increased, the heterogeneity of WSS became smaller. The WSS distribution for the 20% undersizing was smooth and uniform, whereas the 5% case was very heterogeneous. The combination of lower WSS and higher WSS gradient and oscillatory shear index in the 5% undersized case may induce neointimal hyperplasia or thrombosis. Additionally, the oversizing simulation results show that the maximum intramural wall stress of the 20% oversizing case is significantly larger than the maximum stress for the 10% and zero oversizing cases. Edge stress concentration was observed, consistent with the restenosis typically observed in this region. This study demonstrates that proper sizing of stent is important for reducing the hemodynamic and mechanical disturbances to the vessel wall. Furthermore, the present findings may be used to improve stent design to reduce endothelial flow disturbances and intramural wall stress concentrations.
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undersizing; oversizing; intimial hyperplasia; shear stress FOR OVER TWO DECADES, VASCULAR stents have been used to treat vessel stenosis, serving as a scaffold for arterial patency. In some cases, however, neointimal hyperplasia after stenting leads to in-stent restenosis (ISR) (8) . Because of their ability to substantially attenuate neointimal formation following stenting, drug eluted stents (DES) were projected to largely eliminate the restenosis problem. Restenosis with DES is significant (22, 30) , however, and there is increased risk of late thrombosis (1, 31) , particularly in complex lesion subsets. Finally, DES does not address the fundamental fluid (flow disturbances) and solid mechanics (compliance mismatch) associated with stents, which can significantly contribute to ISR.
Experimental and clinical evidence suggests that alteration of wall shear stress (WSS) contributes to the occurrence of ISR. Specifically, it has been observed clinically that the sites of ISR or neointima hyperplasia highly correlate with sites of low WSS (27) . Furthermore, nonuniform WSS was also found to contribute to cell migration and differentiation after stent implantation. During stent deployment, the intima and media may be injured acutely, and the struts compress the vessel wall chronically. These stress concentrations and associated injuries are very likely to provoke inflammatory responses that may initiate atherogenesis (4, 5) .
Analysis of stent designs and their associated fluid and solid stress patterns can lead to better stent deployment to minimize hyperplasia and restenosis and to improve stent designs. Here, we hypothesize that stent undersizing leads to disturbed flows and low WSS near the struts while stent oversizing leads to high intramural wall stress especially at the stent edges. The present study validates these hypotheses and postulates the potential clinical implications of these findings.
METHODS
A three-dimensional (3D) computational model of a stent, artery, and blood was created in Pro/Engineer, which is a Computer-Assisted Design package (Fig. 1) . The models were then interfaced, meshed, and solved in well-validated finite element and computational fluid dynamic packages ANSYS and FLOTRAN. The geometry of stent was modeled as the typical diamond-shaped slotted tube design (12 mm long with 0.25-mm strut thickness). The vessel wall thickness was 0.8 mm. A 10 and 20% oversized stent models and 5, 10, and 20% undersized stent models (diameters sized relative to vessel diameter of 3 mm) were created for the simulations.
Governing equations. The governing equations for the fluid domain were the Navier-stokes and Continuity equations (9):
where V is velocity, p is pressure, is density, is viscosity, ٌ ជ is the gradient operator, and D is the rate of deformation tensor. The governing equations for the solid domain were the Momentum and Equilibrium equations (12):
where ai is acceleration of a material point, fi is force per unit mass, s ⍀(t) is the structural domain at time t, ti is surface traction vector, ij is stress; nj is outward normal vector, and s ⌫(t) is the boundary. The mathematical formulations for additional fluid and solid components and outputs were described in detail in the APPENDIX.
The meshes of the stent and artery consisted of highly structured and refined elements to ensure the accuracy of simulation results. About 1.2 million mesh elements were used in the simulations. A mesh convergence test showed that doubling the number of elements only resulted in Ͻ3% difference in WSS, WSSG, and peak von Mises stresses. The stress distributions also did not change appreciably. Hence, the mesh density was sufficient for the proposed simulations.
To model the bending motion of the coronary arteries, a typical 30°b ending was prescribed on the artery wall, similar to that used by Stein et al. (28) . The density and viscosity of the blood were taken as 1,060 kg/m 3 and 0.004 kg ⅐ m Ϫ1 ⅐ s Ϫ1 respectively. The blood was modeled as incompressible with flow based on human coronary artery velocity measurements, applied at the inlet of vessel (14) . For the outlet of the vessels, a zero-traction boundary condition was imposed (16) . At the wall interface, we assume no slip between blood and the endothelium and no permeability of the vessel wall.
RESULTS
The simulation results were independent of the time steps, as various time steps were attempted and the resulting WSS, WSSG patterns, and magnitudes were very similar. A total of 140 time steps were used for the study. The simulations ran for an average of 20 h.
For blood flow, the WSS distribution for different undersized stent simulations is shown in Figs. 2-4. Although these figures appear two-dimensional, they are side views of the 3D models. As shown in the geometry and mesh in Fig. 1 , these models are fully 3D. As the extent of undersizing increases, the spatial heterogeneity (quantified by the coefficient of variance ϭ SD/mean) of WSS becomes smaller. In the 20% case, there is little difference between the high and low end range of WSS, which suggests a small spatial WSS gradient (WSSG). As shown in Figs. 2-4, the WSS distribution for the 20% case is homogenous, whereas the 5% case shows significant heterogeneity.
Figures 2-4 alsoshow the WSS and WSSG profile in the 5, 10, and 20% undersized cases, respectively. The presence of stent struts decreases the WSS, but increases the WSSG. This effect is less significant in the 20% undersized case. The proximal edge promotes lower WSS than the distal edge, and both edges reflect higher WSSG than the middle portion of stented vessel. Figures 2-4 show that the stent lowers the WSS (compared with the no-stent case), but increases the WSSG near the struts. Compared with the 5% undersized case, the correct sized case produced higher WSS, lower WSSG, and lower oscillatory shear index (OSI). The plots in Fig. 5 show that the effects of degrees of undersizing on the WSS, WSSG, and OSI are highly nonlinear. These values are for the lowest WSS, highest WSSG, and OSI along the stented vessel wall, as they are known to promote intimal hyperplasia.
For the stent oversizing, Fig. 6A shows the von Mises (overall effective) stress distribution (N/cm 2 , equivalent to 10 kPa) in the case of 10% oversizing. The von Mises stress combines the 3D components of mechanical stresses and reflects the overall effective stress. Stress concentrations are observed around the edges of stent, which are consistent with restenosis typically observed in this region. Figure 6B shows that the maximum stress for the 20% oversizing (112 N/cm 2 ) is significantly larger than the maximum stress for the 10% oversizing case (68 N/cm 2 ) and much larger than for the zero oversizing case (37 N/cm 2 ).
DISCUSSION
The major finding of this study is that the degree of undersizing significantly affects WSS, WSSG, and OSI, which may promote intimal hyperplasia, thrombosis, and atherogenesis. Conversely, oversizing significantly increases the intramural stress, which can acutely cause vessel dissection or chronically stimulate smooth muscle proliferation and initiate an inflammatory response. These fluid/solid biomechanics simulations of vessel/stent underscore the significance of proper stent sizing. Specifically, the present study evaluated the axial WSS, WSSG, and the solid wall stress profiles of a stented vessel. It was found that low WSS exists near the struts, especially at the proximal end. Higher wall stress concentrations were present at the stent edges. This correlates with the edge restenosis observed clinically at the stent edges, especially at the proximal end.
Undersizing of stent.
There is a tendency toward undersizing, as oversizing deployments can lead to accurate events, such as dissections, during interventions. Although undersizing may not affect the immediate outcome of the stenting procedures, the present study demonstrates that such undersizing significantly lowers WSS near the struts. This may contribute to thrombosis and hyperplasia in the longer term. Late stent thrombosis has been found to be an increasingly significant problem for DES in recent years, and undersizing has been considered an important culprit (1, 31) .
The effects of degrees of undersizing on WSS, WSSG, and OSI were found to be nonlinear. Furthermore, as the extent of undersizing increases, the spatial heterogeneity of WSS becomes smaller. In the 20% case, there is little heterogeneity of WSSG. The 5% case reflects the converse, and both the low WSS and high spatial WSSG may contribute to intimal hyperplasia. The presence of undersized stent lowers the WSS, but increases the WSSG significantly near the struts. The low-WSS pattern corresponding to the struts pattern may induce throm- bosis. Low fluid shear stress can cause red blood cells to adhere to each other, which may initiate the clotting cascade. Liu et al. (17) found that an initiator of the coagulation cascade, tissue factor, was upregulated by low shear stress. Tissue factor catalyzes the conversion of prothrombin to thrombin. In addition, WSSG has been found to contribute to cell migration and differentiation after stent implantation (17) .
The WSS is highly dependent on the near-wall condition. It should be noted that, in the case of 5% undersizing, the tiny gaps between the stent struts and wall increase the local flow resistance near the wall and create low shear regions. Compared with the correct-sized (0%) case, the WSS is significantly lower, while WSSG and OSI are significantly higher. This effect becomes less pronounced as the stent is further away from the wall in the 10 and 20% undersized cases. As the distances between the struts and wall become larger, the local flow resistance is decreased, and the low shear regions diminish (Figs. 2-4) .
Oversizing of stent.
There is a tendency to oversize stents by 10% to ensure stent apposition. Since sizing is typically approximated, larger oversizing (20%) can significantly increase the vessel wall stress and may induce inflammatory response, which, in turn, contributes to neointimal hyperplasia. Additionally, the coronary arteries are unique compared with most other vessels, in that they undergo significant bending motion due to the heart contractions. The bending or flexion was found to additionally influence coronary wall stress (26) .
Oversizing was found to significantly increase the intramural wall stress. The overall von Mises stress in the 20% oversizing case was significantly higher than the 10% oversizing and the zero oversizing cases, which may cause vascular injury (7). This is especially manifested at the stent edge regions. The high prevalence of neointimal hyperplasia at stent/artery transition regions is known as the edge effect.
Mechanical stresses and vessel function. Besides the wellknown effects of fluid shear stresses on the endothelium (10, 15, 19, 20, 21, 25) , the solid stresses within the wall (including media) may also play an important role in vessel injury and remodeling (18) . It is known that altered stress states in tissue (i.e., hypertension) can stimulate remodeling and cellular proliferation (6, 11, 23, 24, 28) . The stent struts cause stress concentrations, which may lead to inflammation and vessel injury. Furthermore, the low WSS patterns caused by the struts are likely to induce thrombosis, as discussed earlier. The thrombosis associated with stent deployment may also provide a scaffold for neointima hyperplasia (17) , and the platelets may release platelet-derived growth factor that attracts inflammatory cells. The stent placement causes static stresses and strains, which may lead to cellular proliferation (7, 32) . It is plausible that the stresses (fluid and solid) act in synergy. The endothelium senses the fluid shear stress, which initiates mechanotransduction and signal transduction to produce growth factors and enzymes, such as fibroblast growth factor (21, 29) .
An important determinant of the vessel health after stent placement is the rate and extent of in-stent reendothelialization. This is due to the fact that the new endothelial layer prevents thrombosis by isolating the thrombogenic metallic stent struts and the underlying plaque from the circulating prothrombotic factors. A possible mechanism for circulating progenitor cell [endothelial progenitor cell (EPC)] deposition is that the stent deployment causes vessel wall injury, which may provoke inflammatory response and homing of the circulating EPCs to the injury site to deposit on the stent surface. This is analogous to smooth muscle precursor cells homing to the site of inflammation surrounding vascular plaques (2, 7). The EPC deposition may be related to WSS, as the rate of deposition of cells depends on WSS, which is the shear force acting on the wall surface. This is the force that cells directly experience as they deposit on the vessel surface. A lower WSS is more inducive to neointima hyperplasia. Thus the magnitude and patterns of WSS related to stent sizing are of critical importance.
Model limitations. The present model did not incorporate plaque morphology in the vessel wall. Future models can include the nonhomogenous structure of the vessel wall, including calcification and lipid pool. Furthermore, the current model assumes that the undersizing or oversizing occurs uniformly along the length of the stent. In reality, some portions of the stent may be well apposed, whereas others may not, along the plaque. Oversizing may occur at the throat of the stenotic region, and undersizing is more likely in the expanded region outside the throat. Given the level of complexity of such models, it is necessary to take a step-by-step approach.
The stent struts simulated in the present study have circular cross sections. Other commercial stents have more rectangularshaped struts, which likely will increase the WSSG, as WSS changes more abruptly near the edges of struts, compared with smooth circular struts.
The models in the present study are created using Pro-Engineer. Pro-Engineer is a 3D CAD software that is based on parametric model construction. Design optimizations are possible using parametric software, such as Pro-Engineer and optimization software such as LS-OPT, Mathematica, and others. In the future, response surface (LS-OPT) and gradient based methods (Mathematica) may be used to optimize various stent designs.
The strut thickness modeled is relatively thick (250 m) compared with some commercial stents with thicknesses in the range of 150 m. In the simulations, especially the 5% undersized case, the low WSS areas corresponded to the diamond strut pattern. In this case, thinner struts may likely result in narrower bands of low WSS region. The WSS magnitudes, however, are not expected to change significantly. Additionally, arteries may be tortuous but become straight once the stent is implanted. Since the clinically observed restenosis mainly occurs within the stented region, a straight segment was simulated here.
Significance. The simulations of fluid and solid mechanics of stent sizing suggest potential mechanisms of ISR, thrombosis, or dissection. These numerical predictions provide a basis for future additional experiments to connect vessel biology and function to stent biomechanics. Furthermore, the present model may serve as a guide for improved stent designs. The detailed stress and fluid analysis cannot be easily measured experimentally. Mathematical models can be used for design optimization, i.e., to obtain the optimal pattern and thickness of struts, etc., that produce minimal flow and wall disturbances. These simulations may save both time and cost of building and testing various prototypes. where w,z and w, are WSS in the axial and circumferential directions, respectively. The OSI is a measure of the extent of oscillatory behavior of flow, which has been found to promote pathological processes in arteries. The time-averaged OSI is defined by Ku et al. (15) as:
where T is time of a cardiac cycle. Both WSSG and OSI were computed once the respective stress components were calculated from the computational fluid dynamics analysis.
Material model formulations. The artery was modeled as a soft and nonlinear material. The Strain Energy Function has the form:
-
where I 1 is the first invariant of the modified Cauchy-Green tensor; c is a material parameter with a value of 30 kPa (13). The parameter value was determined based on experimental data for human coronary arteries (3). For the stent material (stainless steel), the Young modulus is 200 GPa, and the Poisson ratio is 0.3.
